We recently found that low-molecular-weight hyaluronan was induced by cyclic stretch in lung fibroblasts and accumulated in lungs from animals with ventilator-induced lung injury. The low-molecularweight hyaluronan produced by stretch increased interleukin-8 production in epithelial cells, and was accompanied by an upregulation of hyaluronan synthase-3 mRNA. We hypothesized that lowmolecular-weight hyaluronan induced by high VT was dependent on hyaluronan synthase 3, and was associated with ventilator-induced lung injury. Effects of high VT ventilation in C57BL/6 wild-type and hyaluronan synthase-3 knockout mice were compared. Significantly increased neutrophil infiltration, macrophage inflammatory protein-2 production, and lung microvascular leak were found in wild-type animals ventilated with high VT. These reactions were significantly reduced in hyaluronan synthase-3 knockout mice, except the capillary leak. Wild-type mice ventilated with high VT were found to have increased low-molecular-weight hyaluronan in lung tissues and concomitant increased expression of hyaluronan synthase-3 mRNA, neither of which was found in hyaluronan synthase-3 knockout mice. We conclude that high VT induced lowmolecular-weight hyaluronan production is dependent on de novo synthesis through hyaluronan synthase 3, and plays a role in the inflammatory response of ventilator-induced lung injury.
The management of acute lung injury and acute respiratory distress syndrome (ARDS) requires the use of positive-pressure ventilation to provide adequate oxygenation. When ARDS develops, the lungs are affected nonhomogeneously, which leads to areas with different compliance. As the low compliant areas increase, the uneven distribution delivered by traditional or even smaller tidal volumes (Vt) will result in overdistension of those normal, compliant areas. A clinical trial by the ARDS Network has documented that mechanical ventilation with a smaller Vt (6 m/kg) decreased the mortality rate in patients with ARDS (1), suggesting the potential role of conventional Vt in lung injury. Ventilator-induced lung injury (VILI) has been studied in different animal models with high Vt ventilation (2) (3) (4) . It has been characterized by neutrophil sequestration, increased vascular permeability, and elevated levels of chemoattractant cytokines, particularly macrophage inflammatory protein 2 (MIP-2), the rodent equivalent for human interleukin 8 (IL-8) (5) (6) (7) (8) (9) (10) . Furthermore, MIP-2 receptor knockout mice have been shown to have less VILI than wild-type mice (9) . However, the mechanisms of VILI during large Vt ventilation are not fully understood.
Several studies of fetal lung cells have documented that cyclic stretch led to increased extracellular matrix synthesis and secretion (11) (12) (13) (14) . Increased synthesis of lung extracellular matrix components has been found in animal models of VILI (15, 16) . These findings suggested that extracellular matrix may be involved in the pathogenesis of VILI.
Hyaluronan (HA) is a common component of extracellular matrix. In addition to being an essential structural molecule for tissue architecture, different forms of HA have various biological functions. High-molecular-weight (HMW) HA exists in most healthy tissues, whereas low-molecular-weight (LMW) HA accumulates at sites of inflammation. LMW HA acts as a potent signaling molecule, triggering the production of chemokines, cytokines, and growth factors by many cell types (17) (18) (19) . HA is synthesized by HA synthase (Has) located at the inner face of the plasma membrane (20) . Three isoforms of Has have been identified in mammals. Each isoform is encoded by a separate gene (21) . In vitro Has1 and Has2 produce HMW HA, whereas Has3 produces LMW HA (21, 22) . This relationship has not been confirmed to date in any in vivo model.
In our previous studies, LMW HA was produced in stretched fibroblasts and in rats ventilated with high Vt, both of which were accompanied with increased expression of Has3 mRNA (23) . Furthermore, LMW HA was demonstrated to enhance the production of IL-8 in stretched epithelial cells (23) . On the basis of these results, we hypothesized that the production of LMW HA via Has3 plays a role in VILI. To investigate this hypothesis, we used Has3 knockout and wild-type mice in an in vivo model of VILI. We found that Has3 was necessary for the high Vtinduced LMW HA and that the resultant neutrophil infiltration was partly dependent on Has3.
METHODS

Creation of Has3-deficient Mice by Gene Targeting
The genomic organization of the mouse Has3 gene has been previously described (21) . A replacement type that targets vector was designed and created from a P1 genomic clone derived from the 129Sv/J strain. Germ-line transmission was monitored through backcrossing of male chimeras to C57BL/6J dams. As expected, 50% of the agouti pups were heterozygous for the targeted Has3 allele. These animals were progressively backcrossed against C57BL/6J to create a congenic line, and were also intercrossed to derive homozygous Has3-deficient animals.
Animal Preparation and Ventilator Protocol
Male and female Has3 Ϫ/Ϫ , Has3 ϩ/Ϫ , and Has3 ϩ/ϩ mice were used. These animals were between N6 and N9 on the backcross series to C57BL/6J. Wild-type C57BL/6 mice were purchased from Charles River Laboratories (Wilmington, MA). Both wild-type and knockout mice were subjected to the same ventilator protocol. Animals were randomized into three groups: (1 ) a high Vt group, ventilated with a Vt of 30 ml/kg for 5 hours; (2 ) a low Vt group, ventilated with a Vt of 6 ml/kg for 5 hours; and (3 ) a control group, without mechanical ventilation. No positive end-expiratory pressure was used, and the peak inspiratory pressure at the beginning of ventilation was 12.9 Ϯ 0.9 cm H 2 O for the low Vt group and 32.8 Ϯ 1.2 cm H 2 O for the high Vt group.
We used an established rodent model of VILI as previously described (8, 24, 25) . In the same VILI model, we have previously shown that mice with different ventilation strategies did not show any statistical difference in arterial blood gases, mean arterial pressures, and peak inspiratory pressures (25) .
Measurement and Size Fractionation of HA
Total HA deposition in lung tissues was localized by using an avidinbiotin-peroxidase histochemical technique with a biotinylated fragment of HA binding protein (Seikagaku Corp., Tokyo, Japan) (23) . An ELISA method based on biotinylated fragment of HA binding protein was used to quantify total HA in bronchoalveolar lavage (BAL) and lung tissues (BAL, n ϭ 4/group; lung tissue, two sets of animals, n ϭ 5/set).
Sepharose CL-4B size exclusion chromatography was used to determine the molecular size of HA (n ϭ 5/group). The column was calibrated in the following manner: void volume (V o ) was measured using Blue Dextran 2000 (Pharmacia Fine Chemicals AB, Uppsala, Sweden); total volume(V t ) was measured using uronic acid. HA sizes were determined by relative elution volume (K av ) compared with three HA standards of known molecular weight (Sigma Chemical Co. and Biomatrix, Inc., Ridgefield, NJ). K av was calculated from the following equation:
The three HA standards, 1,600 kD HMW HA, 370 kD LMW HA, and 178 kD LMW HA, had a K av of 0.17, 0.33, and 0.8, respectively. HA peaks were detected using HA ELISA as described previously.
Statistical Analysis
The data were compared by analysis of variance and then subsequent multiple comparisons by the Tukey-Kramer (Statview 5.0; Abacus Concepts, Inc., SAS Institute, Inc., Cary, NC). By F test for homogenous variances, only the data on Evans blue dye had inhomogeneous variances between groups. For these data, a Box-Cox transform analysis was performed to identify the optimal transformation. The assumption of equal variance was met by Bartlett's test, confirming that the transformation was effective. Then, the data were analyzed by analysis of variance followed by multiple comparisons with the Tukey test (Stata statistical software, release 8.0; Stata Corp., College Station, TX). Statistical significance was defined as a p value less than 0.05. All values were expressed as mean Ϯ SEM.
RESULTS
Generation of Has3-deficient Mouse Lines
Has3-deficient mice were created using homologous recombination in mouse ES cells. The targeted Has3 allele was designed such that a large portion of the fourth exon, encoding 100 amino acids from within the catalytic region of the polypeptide, would be deleted, effectively creating a functionally null Has3 allele ( Figure 1) . A similar strategy has been successfully used by us to create a functionally null Has2 allele (26) . Correctly targeted clones were obtained at a frequency of 1 in 30 geneticin-resistant clones. Two clones were expanded and microinjected into blastocysts to yield germline chimeras at high frequency. Heterozygous Has3 ϩ/Ϫ animals were obtained at the expected frequency and appeared normal in all respects. Heterozygous intercrosses yielded the expected mendelian frequency (25%) of Has3 Ϫ/Ϫ animals, all of which appeared normal, and had normal fertility and life spans. These animals did not exhibit any age-related changes and exhibited normal motor activity (data not shown). The static and dynamic compliances for wild-type and Has3 
High VT-induced Infiltration of Neutrophils
Lung myeloperoxidase activity, neutrophil count of BAL, peribronchiolar neutrophil count, MIP-2 mRNA expression in lung, and MIP-2 protein level in BAL were used to assess the neutrophil infiltration in the lungs.
In wild-type mice, the expression of MIP-2 mRNA in lung (Figure 2A ), levels of MIP-2 protein in BAL ( Figure 2B ), and lung myeloperoxidase activity ( Figure 2C ) were significantly elevated as compared with low Vt and control groups. The BAL neutrophil count ( Figure 2D ) and the average number of peribronchiolar neutrophils ( Figure 2E ) were significantly higher in the high Vt group as compared with control groups. No significant difference of BAL MIP-2 level and lung myeloperoxidase activity was found between low Vt and control groups ( Figures  2B and 2C ). The lavage recovery was equivalent in all groups (average, 1.2 cc).
High VT-induced Infiltration of Neutrophils Was Reduced in Has3 Ϫ/Ϫ Mice
In contrast to the wild-type animals, the Has3 Ϫ/Ϫ mice subjected to the high Vt regimen did not show any significant increases in MIP-2 mRNA expression, BAL MIP-2 protein level, and lung myeloperoxidase activity as compared with the low Vt and control groups (Figures 2A-2C ). The BAL content of neutrophils and the peribronchiolar neutrophil infiltration were significantly higher in the Has3 Ϫ/Ϫ high Vt group when compared with the control group, but were not significantly different from that of the low Vt group (Figures 2D and 2E) . ) mRNA, which was upregulated in the high VT group of wild-type mice. The expression of high VT-induced MIP-2 mRNA was reduced in Has3 Ϫ/Ϫ mice (n ϭ 2/group). Bronchoalveolar lavage (BAL) MIP-2 level (B ) and neutrophil counts (D ) were significantly increased in wild-type mice ventilated with high VT. Both were significantly reduced in Has3 Ϫ/Ϫ mice (n ϭ 5 in control and low VT groups, n ϭ 7 in Has3 Ϫ/Ϫ , and n ϭ 10 in the wild-type high VT group). Lung myeloperoxidase (MPO) activity (C) was significantly lower in Has3 Ϫ/Ϫ mice with high VT ventilation (n ϭ 5 in control and low VT groups, n ϭ 6 in Has3 Ϫ/Ϫ , and n ϭ 9 in the wild-type high VT group). Peribronchiolar neutrophil infiltration (E ) was lower in Has3 Ϫ/Ϫ mice ventilated with high VT, but did not reach significant difference (n ϭ 5 in control and low VT groups, n ϭ 5 in Has3 Ϫ/Ϫ , and n ϭ 7 in the wild-type high VT group). *p Ͻ 0.05 versus all control and low VT groups; † p Ͻ 0.05 versus wild-type and Has3 Ϫ/Ϫ control and wild-type low VT groups; ‡ p Ͻ 0.05 versus control groups. GADPH ϭ glyceraldehyde-3-phosphate dehydrogenase.
High VT-induced Microvascular Leak Was Not Different between Has3 Ϫ/Ϫ and Wild-Type Mice
Extravasation of Evans blue dye ( Figure 3A) and concentration of BAL total protein ( Figure 3B ) were used to evaluate the extent of microvascular leak of VILI. Both were significantly elevated in wild-type and Has3
Ϫ/Ϫ mice ventilated with high Vt compared with control groups, signifying increased microvascular leak after high Vt ventilation. There was no significant difference in these two values between low Vt and control groups of wild-type mice.
In Has3 Ϫ/Ϫ mice, the Evans blue dye extravasation was significantly higher in the low Vt group as compared with control groups ( Figure 3A) . In groups ventilated with high Vt, the degrees of Evans blue dye extravasation and BAL protein concentration were not significantly different between wild-type and Has3 Ϫ/Ϫ mice (Figure 3 ).
High VT-induced Elevation of Total HA
In lung tissue of wild-type mice, increased deposition of total HA was noted in the high Vt group as compared with that of control group (Figures 4A and 4B ). The HA accumulated in large airways and within lung parenchyma. For further quantitative measurement, we determined the total HA levels in lung tissue ( Figure 5A ) and BAL ( Figure 5B ) of wild-type mice. There were significantly higher levels of total HA in the high Vt group as compared with low Vt and control groups. No significant difference in total HA level was found between the low Vt and control groups of wild-type mice.
Reduced High VT-induced Elevation of Total HA in Has3 Ϫ/Ϫ Mice
The histochemical staining of total HA did not show any difference between high Vt and control groups of Has3 Ϫ/Ϫ mice ( Figures 4C  and 4D ). Although total HA levels in lung tissue of the Has3 Ϫ/Ϫ high Vt group were significantly higher than those of the control group, the levels were not significantly different from those of the low Vt group ( Figure 5A ). There was no significant increase in total HA in BAL of Has3 Ϫ/Ϫ mice with low or high Vt ventilation. As compared with the high Vt group of wild-type mice, Has3 Ϫ/Ϫ mice ventilated with high Vt had less deposition of total HA by biotinylated hyaluronic acid binding protein staining (Figures 4B and 4D) . 
High VT-induced Elevation of LMW HA in Wild-Type, but Not in Has3 Ϫ/Ϫ Mice
For further evaluation of the molecular weight of HA induced by Vt, we used Sepharose CL-4B size exclusion chromatography (Amersham Pharmacia, Little Chalfont, Bucks, UK) to analyze the total HA extracted from lungs ( Figure 6 ). We found that both HMW HA (1,600 kD) and LMW HA (Ͻ 370 kD) were present in the lungs of wild-type mice after high Vt ventilation, but only Figure 5 . High VT-ventilation-induced lung HA accumulation was reduced in Has3 Ϫ/Ϫ mice. Measurement of total HA in lung (A ) and BAL (B ) showed significantly higher levels in wild-type mice with high VT ventilation, as compared with control, low VT groups, and the high VT group of Has3 Ϫ/Ϫ mice. In Has3 Ϫ/Ϫ mice, the total HA of the high VT group was significantly higher than that of the control group, but not different from the low VT group (two sets, and n ϭ 5/group in each set for lung HA measurement, n ϭ 4/group for BAL HA measurement). *p Ͻ 0.05 versus all control and low VT groups, and high VT Has3 Ϫ/Ϫ ; † p Ͻ 0.05 versus all control and low VT groups, and the high VT wild-type. HMW HA (1,600 kD) was found in the lungs of the other groups, including the high Vt group of Has3 Ϫ/Ϫ mice.
High VT-induced Expression of Has3 mRNA
To explore the role of Has3 in high Vt-induced LMW HA production, we performed reverse transcription-polymerase chain reaction to detect the expression of the respective Has isoforms.
There was an increased expression of Has3 mRNA in the high Vt group of wild-type mice as compared with the other groups ( Figure 7A ). The concomitant upregulation of Has3 mRNA and LMW HA was only found in the high Vt group wild-type, but not in Has3 Ϫ/Ϫ mice. The expression of Has2 and Has1 was increased in the high Vt group of Has3 Ϫ/Ϫ mice ( Figures 5 and 7A ). It should be noted that the Has3 ϩ/Ϫ and wild-type littermates of the Has3 Ϫ/Ϫ mice demonstrated the same responses to high and low Vt ventilation as C57BL/6 wild-type animals purchased from Charles River Laboratories (data not shown). The Has3 mRNA expression was only mildly elevated in Has3 ϩ/Ϫ mice with high Vt ventilation ( Figure 7B ).
DISCUSSION
By using a mouse model of VILI, we demonstrated that high Vt ventilation induced the appearance of LMW HA and resulted in neutrophil infiltration in the lungs. In Has3 Ϫ/Ϫ animals with high Vt ventilation, LMW HA was not induced and a reduced inflammatory response was observed. These results indicate that high Vt-induced LMW HA production was dependent on Has3, and LMW HA played an important role in VILI.
HA is an integral and critical component of the extracellular matrix, where it can act as the backbone around which large space-filling matrices can be assembled. HA has been associated with many forms of pulmonary disease, including acute lung injury and ARDS (27, 28) . Hallgren and colleagues (29) found that the median BAL HA level was six times higher in patients with ARDS and the median serum HA level was 20 times higher than those of control patients. A high BAL HA level in ARDS was also found by Modig and Hallgren (30) . In patients with ARDS treated with an extracorporeal CO 2 removal device, Kropf and colleagues (31) found that there was a sustained increase of serum HA level in those who did not respond to therapy. However, the molecular weight of HA was not measured in these experiments, and the exact role of different-sized HA remains unknown.
HA acts as a potent signaling molecule in many biological contexts (32) (33) (34) . The interaction of HA with HA receptors, primarily CD44 and RHAMM, has been shown to stimulate multiple intracellular signaling cascades (34, 35) . Significantly, the signaling potency of HA is dependent on its molecular mass (17, 18, (33) (34) (35) (36) . For instance, in human alveolar macrophages, McKee and coworkers (17) have found that LMW HA, but not HMW HA, induced IL-8 mRNA expression. Noble and colleagues (18) showed that LMW HA activated the transcriptional factor nuclear factor (NF)-B in mouse macrophages, whereas HMW HA had no such effect. Fitzgerald and associates (37) further demonstrated that the LMW HA activation of NF-B was dependent on CD44 binding and protein kinase C pathway activation. These findings suggested that LMW HA is able to induce chemokine gene expression and to stimulate proinflammatory pathways, which may contribute to the development or maintenance of inflammation. Moreover, both the activation of NF-B and the production of IL-8 (or MIP-2) have been demonstrated to be involved in the pathogenesis of VILI (6, 25, (38) (39) (40) .
Using our in vitro model, which simulates cyclic stretch of lung cells during ventilator use, we have demonstrated that LMW HA was produced by stretched human fibroblasts, whereas only HMW HA was found in the supernatant of unstretched control cultures (23) . We further showed that the LMW HA produced by stretched fibroblasts was able to induce IL-8 production in nonstretched cells, and enhance the production of IL-8 from cyclic stretched epithelial cells. There was no increase of IL-8 when these epithelial cells were treated with HMW HA. We have now confirmed these findings in vivo. Wild-type mice were found to produce LMW HA after high Vt ventilation. This group had a higher degree of MIP-2 production and neutrophil infiltration as compared with those groups that only produced HMW HA (Figures 2, 5, and 6 ). These results support our hypothesis that LMW HA plays a role in the inflammatory response of VILI.
The synthesis of HA is dependent on HA synthases, which are located at the plasma membrane and expressed widely in human tissues. The three identified Has isoforms have distinct enzymatic properties (21, 22) . In vitro, Has3 catalyzed the biosynthesis of LMW HA, whereas Has1 and Has2 activity resulted in HMW HA (21, 22) . Although this result has remained intriguing, the possible role of Has3 in the in vivo biosynthesis of LMW HA had not been determined. In our present study, Has3 expression and function was necessary for the LMW HA (178-370 kD) induced by high Vt ventilation. HA in this size range was similar to that synthesized by Has3 in previous in vitro experiments (21, 22) . Furthermore, HA within this size range has been demonstrated to activate transcriptional factors and induce chemokine release (17-19, 37, 41) . Our results differ from those found in chondrocytes exposed to mechanical stretch (42) . In chondrocytes, mechanical stretch increased the expression of Has2 but not Has3 mRNA, suggesting the response to stretch is cell-specific.
LMW HA may be produced by Has3 or by cleavage of HMW HA to LMW forms. The expression of Has3 mRNA and production of LMW HA were only increased in wild-type mice ventilated with high Vt, whereas neither was found in Has3 Ϫ/Ϫ mice ( Figures 6 and 7A ). These results suggest that the LMW HA produced by high Vt ventilation is dependent on de novo synthesis via Has3. It has been shown, however, that LMW HA can be generated from HMW HA through chemical attack, particularly by reactive oxygen species. We cannot absolutely rule out that breakdown of HMW HA by reactive oxygen species may also play a role in the production of LMW HA related to VILI. The ventilator-induced inflammation was only partially blocked in the Has3 Ϫ/Ϫ mice, suggesting other pathways may also be involved. A critical role for c-Jun N-terminal kinase (JNK) activation in VILI has been demonstrated in previous studies (25, (38) (39) (40) . In our cell stretch model, the IL-8 production induced by cyclic stretch of A549 cells was shown to be dependent on JNK activation (40) . Using the same in vivo model of VILI as this study, we have shown that both JNK knockout and wildtype mice pretreated with specific JNK inhibitor had significantly reduced ventilation-induced neutrophil infiltration and MIP-2 production (25) . We have also found that LMW HA-enhanced IL-8 production was dependent on the JNK activation (unpublished data). These findings suggested that LMW HA may augment stretch-induced JNK activation and inflammation, but may not be the only mechanism of JNK activation.
The expressions of Has1 and Has2 were upregulated in Has3 Ϫ/Ϫ animals ventilated with high Vt, which may account for the significantly increased total HA as compared with the control group (Figures 5 and 7A ). It is possible that there is a feedback mechanism where cells are able to sense that relative amount of HA that is present on the cell surface or in the immediate surrounding matrix. More production of HA has been shown in certain cells treated with hyaluronidase, in which response appeared to be mediated both through resident Has and by modest upregulation of expression (A.P.S., unpublished data). As the three Has genes are located on three separate autosomes, it would not be highly unlikely for the targeted mutation of Has3 to have a direct effect on any regulatory elements within the Has1 and/or Has2 genes.
High Vt ventilation in the normal lung of the mouse led to moderate, but real changes in lung neutrophil infiltration and MIP-2 production (Figure 2 ) of the same magnitude as found by other investigators (9) . The changes in MIP-2 can be variable between animals as demonstrated by others (10) . We have found that mice are more resistant to the effects of high Vt ventilation than rats (8) and show a lower magnitude of difference in cyto-kines and neutrophil infiltration. However, the mouse model allows the use of knockouts.
With histochemical staining in both our rat model (23) and this mouse model, we found the largest amounts of HA accumulation around the airways. We have tested individual lung cell types in vitro, and found that pulmonary artery endothelial cells (unpublished data), bronchial epithelial cells (unpublished data), and fibroblasts (23) all produce HA when exposed to stretch. However, fibroblasts made the largest amounts of HA in vitro (data not shown).
Though HA has been associated with the process of pulmonary edema in bleomycin-induced pulmonary fibrosis (43), we did not find the same phenomenon in the current study. The microvascular leak induced by high Vt ventilation was not significantly decreased in Has3 Ϫ/Ϫ mice, suggesting that at least LMW HA was not involved in the process of pulmonary edema in VILI (Figure 3 ).
In conclusion, ventilator-induced inflammation is, at least in part, dependent on the production of LMW HA by Has3. This is the first in vivo demonstration of a role for Has3 in LMW HA production. Furthermore, the results from this study may provide a molecular target at which we can aim novel therapeutic strategies for the treatment of respiratory disease and damage.
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